Abstract. The spatial patterns and associations of adjacent tree species among the vertical layers of a forest were analysed with point-pattern statistics (a pair-correlation function) in a 1-ha plot. The hierarchy of tree species from highest to lowest importance values (IVs) was as follows: A. nephrolepis, P. jezoensis, P. koraiensis, and T. amurensis. All trees with a diameter at breast height (DBH) >1.0 cm were identified. (1) Clustered distributions were observed at fine scales for some tree species, possibly caused by environmental heterogeneity, limited seed dispersal or biological characteristics of seeds; however, random or even regular distributions indicated a "self-thinning" process with intra-specific competition.
Introduction
The regeneration of trees is a crucial process in forest development and forest management. Regeneration proceeds from seed germination to the establishment of young individuals and further growth (Brokaw and Busing, 2000) . Regeneration determines tree composition in a forest and further influences the future structure of a forest stand. Therefore, successful long-term management demands careful consideration of all related factors (Feeley et al., 2011; Schweitzer and Dey, 2011; Lochhead and Comeau, 2012) . However, many disturbances of natural forests, notably those of anthropogenic origin, have significant negative effects on both the quality and quantity of a typical regeneration (Garbarino et al., 2009 ; Gourlet-Fleury et al., 2013). As a result, a forest may be in poor condition, with a significant decrease in productivity. Thus, complementary artificial aids for tree regeneration have emerged in response to future forest development (Gagnon et The authors demonstrated that individuals of different ages had diverse growth responses, which suggested that artificial regeneration should have a particular restoration goal that considers the limited dispersal abilities of species. Lockhart et al. (2003) tested the effects of the site preparation method on the artificial regeneration of three oak species and found that some degree of site preparation was necessary for oak seedling establishment, but differences among site preparation treatments were not significant. Many similar studies focused on relationships between species and environmental factors, but the descriptions were largely qualitative. The traits of tree species relevant to the concept of ecological restoration in forestry have, however, not been comprehensively considered. The spatial patterns, notably those in the vertical direction, and species associations of trees are of particular importance in forest ecosystem research (Condit et al., 2000) . These patterns and associations are important in the analyses of tree regeneration and are affected by intra-and inter-specific competitions, seed dispersal, and disturbance (Nguyen et al., 2015; Velázquez et al., 2015) . Moreover, analyses of these factors could provide a better understanding of the ecological mechanisms that underlie the dynamics and the processes of forest regeneration (Stoyan and Penttinen, 2000; Zhang, 2004; Hao et al., 2007; Saiz et al., 2014) . Our premise in the present study was that optimal tree arrangements might be an evolutionary process in natural forests that can be identified through analyses of spatial tree patterns and associations. Therefore, we assumed the following: (i) in a mixed coniferous-broadleaf forest, at the fine or coarse scale, particular understory species can (or cannot) grow well beneath the canopies of overstory tree species, and (ii) the similarity between spatial distributions and associations in the vertical layers of a forest should be measurable.
In this study, we analysed spatial patterns and associations of tree species in three vertical layers in a 1-ha research plot of a mixed coniferous-broadleaf forest. Our aim was to identify the optimum juxtapositions of different vertical layers of the tree species. We used height as a measure of vertical layering because it is more sensitive for monitoring ecological processes than other parameters that represent the life histories of trees (Chen and Bradshaw, 1999; Salas et al., 2006) . Our objectives were to (i) understand the mechanisms of species interactions by determining species spatial patterns and associations among juveniles, lower-height classes and upper-height classes of trees and (ii) determine the dependent relationships and species richness in the vertical layers of the forest.
Materials and methods

Study area
The study site was randomly selected within the mixed coniferous-broadleaf forest of the Jin Gouling Forest, Wangqing, northeastern China (43°22′ N, 130°10′ E) (Lei et al., 2007) . The landscape is hilly, with forests at altitudes between 300 and 1200 m. The mean monthly temperature is 3.9°C, and the cumulative temperature above 10°C is approximately 2473°C. The annual precipitation is 500-600 mm, and the annual number of frost-free days is 110-130 d. The region has 170 days of snowfall from November to April (Li et al., 2013; Zhang et al., 2015) . The soil is brown podzol. The mean age of the overstory trees in the forest is 70 years old.
Plot establishment and data collection
We established a 100×100-m plot in an unevenly aged mixed spruce-fir forest. The plot was divided into 25 subplots of 20×20 m. In each subplot, we measured the spatial coordinates (x and y), the DBH, and the heights (H) of freestanding trees with a DBH >1.0 cm. For individuals with 0.3-1.3 m heights, we measured the tree heights only. The individuals were identified by their scientific species names, and all related parameters were recorded.
Data analyses
Determining the dominant species in the mixed coniferous-broadleaf forest
The dominant species were determined according to the IV, which is a comprehensive quantitative indicator. This parameter can generally characterize the status and role of each species in a community (Li, 2010) . A larger IV of a given tree species corresponds to a greater dominance in a plot Zhao et al., 2012) .
The formulas for the IV and other indexes are described as follows: A univariate statistic is used to analyse the distribution of dominant tree species within different vertical layers, and the intra-and inter-species correlations are examined with a bivariate statistic. For a univariate point pattern, if g(r) is above the upper (or below the lower) limit of the confidence envelope at a given distance r, then the patterns are aggregated (or regular); for a bivariate point pattern, these situations explain positive (or negative) interactions.
With the pair-correlation function, applying an inappropriate null model may lead to misinterpretation of spatial patterns caused by differences in spatial heterogeneity and plant propagation characteristics. Heterogeneous Poisson null models, which account for possible environmental heterogeneity, were used in the analysis. Based on the procedure, the points are independent, but the trend of the distribution varied by point location. The specific details were described by Wiegand et al. (2007a) . For the univariate statistic, we randomized the locations of the three height layers to analyze the spatial patterns. However, for the bivariate statistic, we assumed that the trees in the tall height classes suppressed the recruitment and growth of individuals in lower layers, whereas trees in lower layers did not affect those in higher layers (Wiegand et al., 2007b) . Thus, to analyze the spatial association, we fixed the locations of the upper-layer tree-height classes and randomized the locations of the juvenile and lower tree-height classes. Monte Carlo simulations (499 randomizations) were used to provide 99% confidence limits. Additionally, a goodness-of-fit (GoF) test was used to avoid expected rates of type I error. We selected a scale interval of 0-20 m and a ring width of 4 m. The software package 'spatstat' in R v. 2.14.0 (R Core Development Team [2012] ) was used to map distributions of species, and Programita software [2008] was used to compute pair-correlation functions (Wiegand and Moloney, 2004) .
Results
Spatial structure of tree stands
We present descriptive statistics for the species found in the 1-ha plot in Table 1 The spatial associations and patterns were analyzed among the different height classes of the dominant tree species ( Table 2) . Most species were juveniles, with a few individuals in the other categories. Therefore, the tree height was categorized into three classes: juvenile layer (J) (h<5 m); lower layer (L) (5 m≤h<10 m); and upper layer (U) (h≥10 m). The members of the classes (J, L and U) for individual species were also considered together (A). Spatial point-pattern statistics of dominant tree species in different tree-height layers
The spatial distributions of the four species varied among the different vertical layers (Fig. 1) . Visual observations indicated that A. nephrolepis individuals in the juvenile height class might be fascicular in many subplots; however, with an increase in the tree-height layer, random or regular distributions were found. 
Figure 1. Spatial patterns of the dominant tree species in different height classes. •, juvenile height class (height <5 m); ■, lower height class (5-10 m); and ▲, upper height class (height >10 m)
The spatial point-pattern statistics of the dominant tree species in the different vertical layers are presented in Table 3 . According to univariate statistical procedures, the spatial pattern of a single species was analysed in the different tree-height layers. For example, the distribution of Tilia (A) was clustered at scales of 0-1 m, but the distributions were random at coarse scales. Tilia tree-height layers and were primarily random at all scales, except for Pinus (J), which was aggregated at a scale of 0-1 m. The spatial distributions of Abies (A) and Abies (J) were both clustered at a scale of 0-4 m but were regularly distributed at 7-12 m and 7-14 m, respectively. Abies (L) and Abies (U) were regularly distributed at 6-10 m and 7-8 m, respectively. Picea (A) and Picea (J) had the same trends as Abies (L) and Abies (U) (clustered at 0-2 m and regular at 5-10 m and 5-11 m). Picea (L) and Picea (U) showed identical distributions at all scales. 
Intra-and inter-specific spatial associations of dominant tree species in juvenile and upper layers (juvenile layer vs. upper layer trees)
The spatial associations between the juvenile (J) and upper (U) layer trees varied by scale (Fig. 2) . The pairs of the four species were positively correlated at small spatial scales only. At larger scale intervals, neutral or negative associations were found. 
Intra-and inter-specific spatial associations of dominant tree species in lower and upper layers (lower layer vs. upper layer trees)
The spatial associations between the lower (L) height class and the upper (U) height class in various vertical layers are depicted in Fig. 3 . The four species pairs had different spatial associations with other species pairs. Weak positive and strong neutral associations were shown in two species pairs, Abies (L) vs. Tilia (U) and Picea (L) vs. Picea (U), which were positively associated at scales of 0-1 m and 1-2 m, respectively. In the species pair of Tilia (L) vs. Tilia (U), weak negative associations were observed at 4-5 m and 15 m scales, but the pair was spatially independent at other scales. However, as with the species pair of Pinus (J) vs. Pinus (U), Pinus in the lower tree-height layer was negatively associated with Pinus (U) at the 0-15 m scale, with neutral associations at other scales. Otherwise, the species pairs were spatially independent at all scale intervals. http 
Discussion
The spatial relationships among patterns, processes and scales are a major topic in ecology (Yuan et al., 2011; Cerrillo et al., 2013) . In our study, we confirmed that spatial patterns and associations were closely related to spatial scales in a mixed coniferous-broadleaf forest and that habitat heterogeneity, limited seed dispersal and inter-specific competition might be the most important factors.
Species patterns of distribution are closely related to scale and vertical height layers . The distributions of the four dominant tree species (except Pinus) were clustered at fine scales, and the trees became less clustered with an increase in tree height. These findings were consistent with a previous study in which the degree of clustering was inversely proportional to tree-height layers (Condit et al., 2000) . This phenomenon might be explained by the environmental heterogeneity (Harms et al., 2000; Queenborough et al., 2007) . However, limited seed dispersal or biological characteristics of seeds of specific species might also explain the aggregated distributions of the dominant trees at small scales (Grubb, 1977) . For example, cones of coniferous trees are large and heavy; thus, the cones do not disperse far. The seedlings and saplings from these seeds inevitably form aggregated distributions after germination (Seidler and Plotkin, 2006; Tamme et al., 2010; Lin et al., 2011) . With Tilia trees, seedlings are typically abundant near the mother tree because of root sprouting (Zhang et al., 2011) . At greater scales, regular distributions were observed in at particular scale intervals, which might be caused by a difference in the number of tree species or by spatial factors (e.g., disturbance or death) of associated species (Hou and Han, 1997 ). Because limited resources could not meet the demands of all trees, "self-thinning" was likely triggered; this process caused the distributions to become increasingly random and regular (Li, 2010) . We concluded that the results were consistent with those of other studies on spatial patterns (Li et al., 2009; Zhu et al., 2010) .
In comparing the relationships of species' spatial associations among the different size classes, we found no significant relationship for most species pairs. However, for several species pairs, slight positive associations were detected at small-scale intervals. The species pairs of Pinus (J) vs. Pinus (U), Tilia (J) vs. Picea (U), and Pinus (L) vs. Picea (U) had significant negative associations at large scales. Pinecones (e.g., Pinus and Abies) were harvested on the spot owing to their economic value; this adverse anthropogenic interference prevented recruitment of understory trees (Zhao et al., 2012) . Nevertheless, Tilia (J) and Pinus (L) were negatively associated with Picea (U) at larger scales, suggesting that habitat heterogeneity might occur (e.g., topography, soil nutrients, and heterogeneous distribution of light) (Harms et al., 2000; Zhang et al., 2010).
Conclusion
Our major aim was to understand the spatial reciprocity among different tree-height classes of dominant species in a mixed coniferous-broadleaf forest. We reached the following conclusions: (1) Habitat heterogeneity, limited seed dispersal and inter-specific competition might be the most important factors that influence species spatial patterns and associations; and the number of juveniles (saplings) under the canopies of intra-or inter-species adults. Therefore, artificial regeneration by planting juveniles under adult trees is an option. Artificial regeneration is expensive; however, it can establish particular species combinations or special spatial arrangements. The spatial associations and patterns reflected the coexistence and co-evolution among the dominant tree species. These results provided new insights into the development of reforestation techniques for mixed forests in northeastern China. Furthermore, in future studies, it will be necessary to evaluate the environmental and site factors (e.g., light, soil, and water) of tree stands.
